We present efficient frequency domain channel estimation methods based on the ISFA, MMSE and WIFA schemes for the orthogonal frequency division multiplexing (OFDM) visible light communications (VLC) system.
Introduction
LED based visible light communications (VLC) offers a number of advantages including license free spectrum (bandwidth), free from electromagnetic interference, and inherent high security [1] . The orthogonal frequency division multiplexing (OFDM) scheme widely and successfully used in RF systems [2] has also been adopted in VLC systems to combat multipath distortion and boost the data rate without any bandwidth or power expansion [3] . In OFDM-based VLC systems, the received signal is usually distorted by the wireless channel. In order to recover the transmitted bits, the channel effect must be estimated and compensated [4] . The least square (LS) scheme is one of the simplest methods to estimate the channel frequency response (CFR) by means of inserting a training sequence at the transmitter (Tx). To improve the OFDM VLC system performance, a post-processing discrete Fourier transformation (DFT) channel estimation method [5] and an adaptive channel estimation algorithm were proposed [6] . The above mentioned works were conducted only by simulation.
In this paper, we experimentally demonstrate efficient channel estimation methods based on intra-symbol frequency-domain averaging (ISFA), minimum mean squared error (MMSE) and weighted inter-frame averaging (WIFA) for OFDM VLC. The ISFA, LMMSE and WIFA estimators are based on the channel matrix, which is estimated by LS. In ISFA estimator, averaging is carried out over the estimated matrix for multiple adjacent frequency subcarriers (SCs) [7] . In MMSE estimator, additional information such as the signal to noise ratio (SNR) and statistical characteristics of the channel are required in order to perform the best linear estimation but at the cost of increased complexity [8] . In WIFA estimator, the channel estimation results of the adjacent frames are averaged. WIFA can increase the accuracy of channel estimation provided the channel responses estimated by adjacent frames are strongly correlated with each other [9] .
Experimental setup
The experimental setup for the proposed system is shown in Fig. 1 . At the transmitter (Tx), a 1.7 Mbaud baseband OFDM signal is three times up-sampled and then up-converted to 1.25 MHz by means of digital I-Q modulation. The total SCs employed are 1024, of which 724 SCs are used for data transmission, and the cyclic prefix (CP) size is 16. The generated waveform in the Matlab domain is uploaded into an arbitrary waveform generator (AWG) operating at 5-MS/s, the output of which (i.e., electrical OFDM signal) is converted into an analog stream and then direct current (DC)-level shifted using the bias Tee prior to intensity modulation of a commercially available phosphorescent white LED (Cree XLamp XHP50). The P-I characteristics of the LED is shown in Fig. 2 , where the most linear part is at the lower current range. At the receiver (Rx), a commercial optical Rx composed of Si photodetector and amplifier (THORLABS PDA10A) is used to convert the optical signal back into the electrical signal. The optical Rx output is passed through DAC and captured using a real-time digital oscilloscope for offline signal processing in the Matalb domain in order to recover the transmitted data. Note that the OFDM decoder is exactly the opposite of the the OFDM coder. At the receiver the signal is given by:
where x(n) is the transmitted signal, h(n) is the channel impulse response, η(n) is the additive white Gaussian noise (AWGN) with a power spectral density of N 0 /2 [10] . To assess the link performance we have used both the error vector magnitude (EVM) and bit error ratio (BER) metrics, which is in line what has been reported in the literature. The EVM describes link performance in the presence of channel impairments and noise. In an AWGN channel with h(n) ≈ 1 and a high level of noise, the ideal EVM can be expressed as [11] 
However, for cases with lower levels of signal to noise ratio (SNR) the measured EVM < the ideal value [12] . 
Arbitrary

Experimental results
We record 25 consecutive frames for each trial in our experiment. As outlined in [13] the required value of BER for an un-coded wireless communications is 10 -5 , and at this BER the required EVM values are ~ 24 % and ~ 8% for the QPSK and 16-QAM, respectively [14] . Due to the fast timing-varying physical characteristics of optical channel, the CFR of each frame is quite different. Therefore, the EVM performance of each frame using LS, ISFA, MMSE and WIFA methods is different as shown in Fig. 3 . Note that in the LS method a single training symbol is used to calculate the CFR, whereas in the ISFA method, the estimation results from LS are used along with the averaging of 5 adjacent subcarriers. From Fig. 3 , for index of frames > 5 both the MMSE and WIFA methods display higher EVM whereas ISFA followed by LS show lower values. For the index of frames < 5 all schemes display lower values of EVM. With the increased number of received frames, the WIFA display a more accurate CFR estimation by inter-frame averaging. After 7th frame, the CFR estimated by WIFA is converged.
Figs. 4 and 5 show the EVM performances for QPSK-OFDM, 16QAM-OFDM, respectively. Each EVM is calculated from the average of 25 frames. In Fig. 4 , the insert constellation is captured with LS. The EVM performances of ISFA, MMSE and WIFA are about 2.7 dB, 3.7 dB and 3.5 dB better than the conventional LS method, respectively. In Fig. 5 , the insert constellation is captured with LS but for the link of 10 cm long. In all, MMSE always performs the best in term of EVM but at the cost of increased complexity. The WIFA can also improve the accuracy of channel estimation, even though the VLC optical channel changes rapidly. 
Conclusion
In this paper, we presented efficient frequency domain channel estimation methods based on the ISFA, MMSE and WIFA for OFDM VLC system. The experiment results showed that MMSE outperforms the other two schemes in term of the EVM for QPSK-OFDM and 16-QAM-OFDM VLC systems. For QPSK-OFDM VLC transmission, the EVM performances of ISFA, MMSE and WIFA were better by about 2.7 dB, 3.7 dB and 3.5dB compared to the conventional LS method, respectively. The WIFA can improve the estimation accuracy of time-varying VLC optical channel.
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